African ecosystems are at great risk. Despite their ecological and economic importance, long-standing ideas about African forest ecology and biogeography, such as the timing of changes in forest extent and the importance of disturbance, have been unable to be tested due to a lack of sufficiently long records. Here, we present the longest continuous terrestrial record of late Quaternary vegetation from southern Africa collected to date from a drill core from Lake Malawi covering the last 600,000 years. Pollen analysis permits us to investigate changes in vegetation structure and composition over multiple climatic transitions. We observe nine phases of forest expansion and collapse related to regional hydroclimate change.
| INTRODUCTION
Tropical African ecosystems are immensely important for their ecological value, as bastions of biodiversity and endemism, as well as for essential resources for millions of people for daily subsistence (e.g. Doherty, Sitch, Smith, Lewis, & Thornton, 2010; Mittermeier, Turner, Larsen, Brooks, & Gascon, 2011; White, 1981) . However, African forests and semiarid lands are already changing as a result of pressure from climate and land-use change (Fug ere, Kasangaki, & Chapman, 2016; Newmark & McNeally, 2018; Niang, Ruppel, & Abdrabo, 2014) .
In turn, feedbacks associated with altered disturbance regimes, such as wildfires, on landscapes processes could result in detrimental changes to important ecosystems services (e.g. Bond, Woodward, & Midgley, 2005; Midgley & Bond, 2015; Tilman et al., 1997; Van Langevelde et al., 2003) . Therefore, it is increasingly important to be able to predict long-term species responses to climate. However, particularly in Africa, modern ecological observations are sparse, and the range of observations is short (e.g. Feeley & Silman, 2011; Willis & Birks, 2006) . Furthermore, as tropical climate is likely moving to a state that does not exist today, projecting species' responses to future change relies on extrapolation (Niang et al., 2014; Williams, Jackson, & Kutzbach, 2007) . Thus, long-term (>10 5 year) records which observe the climatic processes that control vegetation structure and composition are required (Dietl et al., 2015; Dietl & Flessa, 2017; Lindbladh, Fraver, Edvardsson, & Felton, 2013; ) .
Palaeoecological records have provided insights about long-term ecological processes and allowed us to look at vegetation change in response to conditions warmer than today and over periods of rapid change which can be used as future analogues (e.g. Blois, Zarnetske, Fitzpatrick, & Finnegan, 2013; Hughen, Eglinton, Xu, & Makou, 2004; Salzmann & Hoelzmann, 2005) . For example in Africa, the prevalence of forests throughout the region when global temperatures are higher, such as during interglacials, has been thought of as canonical, despite some evidence to the contrary (Beuning, Zimmerman, Ivory, & Cohen, 2011; Ivory, Lezine, Vincens, & Cohen, 2012; Vincens, Garcin, & Buchet, 2007) . Warming and wetting over the last deglacial period associated with the reinforcement of regional monsoons resulted in an expansion of woodlands and forests as well as the retreat of dryland ecosystems, which dominated during the Last Glacial Maximum (LGM; e.g. Izumi & L ezine, 2016; Maley, 1992 ).
However, hydrological records reconstructed from ancient lake deposits and marine cores suggest that LGM to modern climate changes in Africa were small in amplitude and occurred over thousands of years with respect to those which occurred earlier in the late Pleistocene (Dupont & Kuhlmann, 2017; Dupont et al., 2011; Scholz et al., 2007; Trauth et al., 2007) . Thus, as most existing records do not extend beyond the last glacial period, it is unclear whether the LGM-modern vegetation response is indicative of larger alterations in climate over multiple cycles. However, the lack of long records has made it challenging to test this assumption.
Moreover, long-standing, fundamental biogeographical questions, particularly regarding the distribution of afromontane forest and the emergence of disturbance-maintained Zambezian miombo woodlands, have yet to be resolved due to the availability of sufficiently long terrestrial records which capture previous warm intervals. Marine cores covering this period show a large expansion of afromontane forest, suggesting that ancient forests may have been substantially different than lowland communities observed today, however, no terrestrial record has ever documented their presence or extent (Dupont et al., 2011; Ning & Dupont, 1997) . In addition, palaeoclimate records from across the continent show strongly antiphased signals implying that these earlier high amplitude wet-dry cycles of the late Pleistocene occurred asynchronously across the continent.
For example at Lake Malawi from~600 to 100 ka, lake levels decreased multiple times by as much as À550 m, whereas north of the equator, lakes expanded in the Kenyan rift valley Salzburger, Van Bocxlaer, & Cohen, 2014; Trauth et al., 2007) .
These large hydroclimatic shifts and patchiness of continental climate likely resulted in massive reorganization of species as they tracked optimal climate. Perhaps more importantly, although we know that species respond individualistically to climate (e.g. Palmer et al., 2015; Stewart, 2009) , it is yet unclear how ecosystem composition and structure changed or how differential dispersal may have influenced community composition and forest succession.
Lake Malawi, southeast Africa, sits currently at the southern extent of the Intertropical Convergence Zone (ITCZ) and is sensitive to fluctuations in regional climate ( Figure 1 ; Cohen et al., 2007; Scholz et al., 2007) . Long drill core records from this lake preserve a regional climate signal over the late Quaternary with rapid transitions from arid to humid climates . Fossil pollen analysis of sediments from this record provides the ideal opportunity to better understand ecological processes that operate over many climatic transitions. The unique position of the lake with respect to tropical circulation as well as ecologically important ecosystems within the African tropics allows us to look at changing forest composition and vegetation structure through time as well alterations to disturbance regimes. Furthermore, this unique record is the first long, terrestrial record of vegetation change from East Africa covering the entirety of the late Quaternary (>500 ka) and provides insights into large-scale reorganization of biomes over multiple wet-dry cycles in African climate.
| Modern setting
Lake Malawi, the southernmost lake in the East African Rift System, is composed of a series of alternating N-S oriented half-graben basins ( Figure 1 ). The lake is hydrologically open and is drained by the Shire River to the south (sill depth = 6 m), although most water loss occurs via evaporation (Eccles, 1974) . Mountain ranges in the northern (Livingstone Mountains and Rungwe Highlands) and the western (Nyika Plateau) watershed rise steeply from the lake shore (478 m asl) to nearly 3,000 m. The lake currently sits at the southern limit of the ITCZ (Nicholson, 1996 ; Figure 1 ). Within the watershed, MAP is very heterogeneous and ranges from 800 mm/year in the lowlands to 2,400 mm/year on the slopes of Rungwe Highlands (DeBusk, 1997). Rainfall is highly seasonal, with a single rainy season from November to April, when prevailing surface winds are northeasterly (NE), and rainfall reaches 250 mm/month. A long dry season from May to October lasts~6 months when virtually no precipitation occurs and strong southeasterly (SE) tradewinds prevail.
Vegetation in the Malawi watershed is largely constrained by rainfall and rainfall seasonality (Ivory et al., 2012; Vincens, Garcin et al., 2007) . In the low to midaltitudes (<1,500 m asl), low-diversity deciduous Zambezian miombo woodlands grow in areas of highly seasonal rainfall and are dominated by deciduous trees such Brachystegia, Berlinia and Isoberlinia (Figure 1 ). These woodlands can be subdivided into a drier and wetter type found in areas of more or less than 1,000 mm/year, respectively (White, 1983) . The wetter miombo has higher, denser canopy cover and is frequently associated with other trees, such as Uapaca (White, 1983) . The drier miombo displays a more open canopy and higher proportion of grasses and trees from the Combretaceae family (White, 1983) . Closed-canopy tropical seasonal forests are dominated by semideciduous and evergreen trees like Myrica, Macaranga and various Ulmaceae and Moraceae species, as well as shade-loving herbs like Urticaceae and ferns. These forests are not widespread but also occur in the low to midaltitudes along streams as gallery forests and in areas with moister edaphic conditions (Figure 1 ). Flooded grasslands with Cyperaceae and Typha are present at the lakeshore.
Above 1,500 m asl, afromontane forests occur as discontinuous, often degraded patches within extensive high elevation grasslands ( Figure 1 ). Olea capensis is typical of moister areas (1,500-2,000 mm/year; 0-3 dry months) from 1,500 to 2,500 m asl, whereas Podocarpus, Juniperus, Olea africana and various Ericaceae are common in drier areas above 2,000 m asl (800-1,700 mm/year; 4 dry months; White, 1983) . Grasslands are widespread at all elevations but are concentrated at the southern end of the lake where rainfall is lowest (White, 1983) .
A prior taphonomic and pollen transport study suggests that pollen deposited in the central basin is transported predominantly by wind (DeBusk, 1997). Today, most wind transported pollen comes from north of the lake during the austral summer, when NE tradewinds predominate and when the majority of plants flower. Although no large rivers drain into the central basin adjacent to the core site, the presence of riparian taxa, such as tropical seasonal forest, aquatics and ferns, suggests that some pollen is delivered to the lake along streams (DeBusk, 1997). volcanic eruption (75 ka), 16 palaeomagnetic excursion events, 2 ArAr dates on tephra and seven palaeomagnetic excursion, intensity and reversal events Lane, Chorn, & Johnson, 2013 ; Table S1 and Figure S1 ). Core lithology is characterized by high amplitude facies changes associated with lake level and is dominated by silty and clayey diatom oozes and homogenous silty clays (Lyons et al., 2015) . Lake levels were reconstructed by by characterizing aquatic and terrestrial biofacies (ostracodes, chaobrid fragments, fish fossils, fern sori, charred particles and green algae) and authigenic minerals (quartz, mica, pyrite, siderite and ooids). Details on this dataset can be found in ; however, the first principal component of this dataset explains 14.27% of the variance and was found to be strongly related to lake level fluctuations.
| MATERIALS AND METHODS

Drill
The fossil pollen record is based on 402 samples from the two adjacent cores (Figure 2 ). Core MAL05-1C represents the upper portion of the record comprising 40 samples from 10.5 to 62 mblf and was presented in Beuning et al. (2011) . The remaining 362 previously unpublished samples from core MAL05-1B were taken from 62 to 170 mblf with an~30 cm resolution (Table S2 ). We will discuss the composite data referred to as MAL05-1B/1C. All samples were processed using standard methods with the addition of Lycopodium spores (Faegri & Iversen, 1989; Vincens, Garcin et al., 2007) and were sieved at 10 microns to remove clays. Between 300 and 500 grains were counted per sample at 1,0009 magnification with the exception of the six uppermost samples from MAL05-1B which range from 17 to 149 grains/sample due to extremely low pollen concentrations. Average temporal resolution for the whole fossil pollen record is 1,400 years, however, a higher average resolution of 620 years was obtained from 250 to 20 ka. The lake level reconstruction from has a temporal resolution over the last 600 ka of 500 years, with a 250 years resolution in the last 250 ka. A total of 227 pollen taxa were identified using the African Pollen Database (http://apd.sedoo.fr/apd/accueil.htm) and atlases of pollen morphology (Bonnefille & Riollet, 1980; Maley, 1970) .
Pollen percentages were calculated against a sum of all pollen and spores less undeterminable grains, aquatics (Cyperaceae, Typha, Nymphaea, Polygonum senegalense-type, Ottelia, Laurembergia) and undifferentiated bryophytes, which were calculated separately (Figure 2). Pollen diagrams were drawn using Tilia (Grimm, 1990) , and zonation was determined quantitatively by constrained cluster analysis using CONISS (Grimm, 1987) . This zonation highlighted alternations between zones dominated by semiarid and forest pollen taxa, which led to their classification as either forest or semiarid phases.
The abundance values presented in the results section are average percentages for a zone unless otherwise specified. Pollen nomenclature follows Vincens, L ezine, Buchet, Lewden, and Le Thomas (2007), and pollen assemblages described here are based on biomes outlined by Vincens, Bremond, Brewer, Buchet, and Dussouillez (2006) and used in previous studies in this watershed (Ivory et al., 2012; Vincens, Garcin et al., 2007) . Tropical seasonal forest is the sum of Moraceae, Macaranga-type, Celtis and Trema-type orientalis, and afromontane is the sum of Podocarpus, Olea, Ericaceae undifferentiated, Myrica, Juniperus-type, Faurea-type and Ilex mitis.
Miombo woodland is only represented by Brachystegia and Uapaca in summary figures, as these are the highest-dispersing, most indicative taxa in this vegetation type.
To compare pollen assemblages from the fossil record to those in Africa today, biomization was conducted. Biomization is a technique which assigns pollen taxa to plant functional types which can be used to reconstruct biomes from fossil pollen samples based on well-studied modern species assemblages and affinities (Jolly et al., 1998) . All fossil samples were quantitatively assigned to African biomes based on the biomization technique developed by e.g. Elenga et al. (2000), Jolly et al. (1998) To look at species turnover and dissimilarity amongst the samples, several multivariate statistical techniques were employed. First, detrended correspondence analysis (DCA) was performed using the vegan package in R on all samples and pollen taxa with a minimum value of >2% (Oksanen et al., 2013; R Core Team, 2017) . DCA is well-suited to ecological abundance data with potentially long unimodal environmental gradients, and variance along the first axis is frequently interpreted as proportional to the amount of species turnover among samples (ter Braak, 1985) . Minimum squared chord distance was calculated using the analogue package in R for each fossil sample against the full dataset of modern African pollen samples, and fossil samples were considered "no analogue" if minimum squared chord distance was greater than 0.3 (Simpson, Oksanen, & Simpson, 2016) .
To estimate species richness in the fossil pollen data, we calculated Margalef's Index (Dmg), which is highly correlated with species richness in a population (Margalef, 1958) . This is calculated as:
where S is the total number of taxa in a sample and N is the total number of individual grains counted. Goring, Lacourse, Pellatt, and
Mathewes (2013) observed that diversity indices calculated on large regional pollen datasets do not always match diversity of the corresponding vegetation due to taxonomic complexity and morphological specificity of pollination strategy. However, Felde, Peglar, Bjune, Grytnes, and Birks (2016) have observed that the comparison of diversity metrics from pollen samples from equivalent regional biome types (i.e. forest to forest) rather than across nonequivalent types (forest to desert) are in fact comparable to better understand changes in diversity within a certain community type through time and can eliminate the effect of changes in overrepresented taxa.
Therefore, in this paper, we compare Dmg only across equivalent biome types, and use it only as a relative indicator of richness.
| RESULTS
Pollen preservation is good throughout this record, and concentrations are high ( x = 23,480 grains/cm 3 ), with the exception of the six samples from MAL05-1B ( x = 2,758 grains/cm 3 ). These samples, which occur from 61.9 to 63.7 mblf, are coeval with a period of extreme aridity, as described in Cohen et al. (2007) , when extremely low lake levels and coarser sediments resulted in pollen reworking and abrasion. Abundance of broken or reworked grains is typically less than 2%, except in these six samples likely due to abrasion from an increased sand fraction, when values are still never higher than 5.8%. Our pollen stratigraphy is divided into 17 zones (Figure 2 ).
These zones highlight an alternation between dominance of arboreal and nonarboreal pollen taxa. For simplification of discussion, these zones have been termed "forest phases" when arboreal pollen taxa are dominant or "semiarid phases" when pollen from grasses and nonarboreal taxa is more prevalent.
In The most characteristic forest taxon was the afromontane forest conifer, Podocarpus. In addition to a high mean value (31%) among forest samples, Podocarpus varied little once dominant (standard deviation <10%; minimum: 3.8%) and occasionally reached very high percentages (62%). Other afromontane taxa occurred in higher percentages than in the semi-arid phases as well, such as Olea (mean = 5%; range = 0%-13%), Ericaceae (mean = 2%; range = 0%-11%) and Myrica (mean = 1%; range = 0%-6%). Some taxa only occurred during certain phases, such as Juniperus which was uncommon during the early phases but reached maximum values in F8
(mean = 1%; range = 0%-5%).
The lowland arboreal assemblages, both tropical seasonal forest and miombo woodland, showed a much more complex pattern of occurrence during the forest phases. The only taxon that occurred regularly in each phase was the miombo woodland tree Uapaca (mean = 2%; range = 0%-8%). Although tropical seasonal forest taxa, such as Moraceae (mean = 1%; range = 0%-6%), Macaranga-type (mean = 1%; range = 0%-4%), Celtis (mean = 1%; range = 0%-18%)
and Trema-type orientalis (mean = 0.3%; range = 0%-6%), reached relatively high percentages, these lowland forest pollen taxa occurred only ephemerally.
In contrast, the semiarid phases S1-S8 and are observed from 166 to 162 mblf (S1: 581 ka AE 7.34 kyr to 522 ka AE 11.1 kyr), (Figure 2 ). Grass accounted for on average 70% of the pollen assemblage and never less than 29%. Other herbs occurred during each semiarid phase, such as Amaranthaceae (mean = 1%; range = 0%-8%). Similarly, dry woodland trees, such as Acacia (mean = 0.1%; range = 0%-1%) and Commiphora africana-type (mean = 0.1%; range = 0%-2%), were present, but did not become frequent in occurrence until S3.
A DCA was performed on all fossil samples, and the first two axes are shown in the biplot of Figure 3 . Axis 1 has an eigenvalue of 0.1604 and an axis length of 2.0320 standard deviations. Axis 2 has an eigenvalue of 0.1025 and an axis length of 2.3553 standard deviations. However, the second axis of a DCA is strongly affected by an arch effect created by the detrending process (ter Braak, 1985) .
Because of this, we entirely focus on the inferences from DCA axis 1. When used with ecological data, the first DCA axis provides a metric of species turnover amongst samples along that axis, such that four standard deviations are indicative of complete species turnover (Figure 3; ter Braak, 1985) . An axis length of 2 in the MAL05-1B/1C biplot suggests turnover is large, but that 25% of taxa are common to most samples (ter Braak, 1985) . LGM which resulted in a decline in lake level of~À100 m, these earlier arid periods were much more severe with precipitation reduction of up to 61% of modern required to drive a À550 m regression such as occurred from 80 to 107 ka. This decrease would result in an average MAP of 372 mm/year in the basin instead of the modern average of 955 mm/year (Lyons et al., 2011) . This value is consistent with the absence of charcoal during these intervals, which suggests rainfall less than 400 mm/year results in low vegetation density, severely reducing fuel loads and decreasing wildfire activity .
However, in contrast to the hypothesis of grassland expansion in the Afrotropics during glacial periods and forest expansion during interglacial periods, we observe at Lake Malawi that near modern lake levels and expansive forests were present during many of the glacial periods in this record, suggesting some wet glacials (ex. mar- (Lyons et al., 2011) . This results in a threshold-like response of lake levels to high amplitude changes in summer insolation when eccentricity is high. In contrast, when eccentricity is low and insolation changes are small in amplitude, water levels remain persistently high, as was the case from 470 to 274 ka and has been the case for the last 70 ka (Scholz et al., 2007) . Interestingly, we observe here a similar nonlinear response of forest extent to these nonlinear hydrological changes. Thus, highstand/lowstand transitions as well as forest/semiarid transitions may occur coevally between two adjacent samples during our highest resolution intervals. Although other intervals of this record have a much higher temporal resolution due to slow sedimentation rates (e.g.~400 ka) which do not allow us to determine whether large-scale landscape transformation occurred, the average time span between two samples over these higher resolution transitions is <250 years for complete transformation of the regional landscape. Currently, 80% of the rainfall within the watershed is derived from moisture recycled off of the lake surface (Lyons et al., 2011) . It is likely that this hydrological forcing threshold is set by decreasing lake surface area as water level decreases, reducing potential moisture recycling and exacerbating decreases in regional moisture fluxes. Thus we suggest that critical transitions in forest extent are related to strong feedbacks between vegetation and moisture recycling in the lake on a regional scale. | 2945 many afromontane trees, such as Podocarpus, are known to produce large amounts of readily dispersed pollen grains, the percentages in the Malawi record during forest phases are frequently greater than 40% (Figure 2 ). Pollen transport studies within extant afromontane communities today have indicated that such percentages (>40%) are only found within dense forests (Vincens, 1982) . Although less consistently abundant, other tree taxa common in the afromontane forest, such as Olea and Juniperus, also attained abundances similar to those found within modern forests (Olea: 5%-10%; Juniperus: 3%-30%; Vincens, 1982) . Thus, high abundances at Lake Malawi indicate that forest phases F1-F8 from 600 to 80 ka were periods of extensive colonization of the watershed down to the level of the lake shore by montane forest. This suggests a lowering of the lower elevational limit of many of these taxa from~1,500 to 2,000 m asl today to below 500 m asl.
In contrast to pollen records and modelling studies which show a strong influence of reduced atmospheric CO 2 for lowering treelines contrast, the fossil assemblages from the drill core plot almost completely outside of the area occupied by the modern lake samples and instead along a biome vector suggesting strong affinities to the afromontane forest biome (Figure 3) . Furthermore, although afromontane forests do exist today within the basin, pollen samples taken from within these local communities show some dissimilarities to the fossil pollen samples. In particular, because of the degraded nature of modern afromontane forest (Meadows, 1984) , modern pollen assemblages typically have a larger contribution of grasses than observed in the fossil samples (DeBusk, 1997) . Furthermore, however, the forest phases from 600 to 80 ka appear to have no modern analogue in Africa, as minimum squared chord distance is always >0.3 (Figure 4 ). This implies that although these ancient forests include many taxa indicative of afromontane communities today, they also include a large admixture of taxa more typical of lowland environments today, such as Celtis and Uapaca. Frost, 1996) , is floristically impoverished in comparison to tropical African forests such as in the Guineo-Congolian or afromontane regions (White, 1983) .
Many consider the degraded nature to be the result of long droughts and harsh conditions; however, studies have linked the presence of and diversity within miombo woodlands to disturbance frequency, mostly wildfire (Bond et al., 2005; Sankaran et al., 2005) . Natural fires depend on lightning as a sole ignition source, and thus most frequently occur during the wet season. This results in lower intensity fires which reduces tree mortality and promotes eventual conversion of miombo to mature forest (Frost, 1996) . In contrast, intense dry season fires halt forest regrowth by precluding tree taxa, such as Podocarpus, from frequently disturbed areas. Charcoal analysis on the core suggests that influxes to the basin increased dramatically at this time (Figure 4 ). This suggests that the critical transition at 80 ka to lower regional diversity and a persistently miombo dominated landscape is a relatively new occurrence and likely related to an increase in dry season fire.
The afromontane forest archipelago has long interested biogeographers because of its remarkable compositional similarity despite occupying disjunct populations separated by large distances (Hamilton, 1981; Livingstone, 1967; White, 1983) . White (1983) although barriers to dispersal exist today that isolate a single mountaintop, it is plausible that in the past, certain taxa may have occupied continuous lowland corridors, allowing for greater dispersal. It has been suggested that this might have occurred during recent glacial periods, when cooler temperatures allowed cold-adapted montane species to thrive in the lowlands (Hamilton, 1981; White, 1981) . However, this idea has been discounted as palaeoecological studies covering the LGM observe that, although in some areas montane taxa do grow at lower elevations due to a tolerance of cooler temperatures such as around northern Lake Tanganyika; these cooler periods were also characterized by enhanced aridity around Lake
Malawi and in equatorial East Africa which resulted in an overall reduction of forest extent at all elevations (Bonnefille & Chali e, 2000; Hamilton, 1981; Ivory & Russell, 2016; Livingstone, 1967; Maley, 1992) . Instead, we suggest that afromontane forest did once Therefore the distinction of biome changes may be difficult if based on the presence or absence of these taxa alone. However, other taxa which help differentiate these biomes (such as Artemisia and Combretaceae for steppe and savanna vs. Poaceae and Amaranthaceae for desert) produce much readily transported pollen, do not suffer from that constraint, and thus support the interpretation that shifts in species composition occur often during these phases. This suggests that semiarid vegetation was extremely heterogeneous from phase to phase as well as within a single phase.
Furthermore, the semiarid phases are unique in that dissimilarity indices such as minimum squared chord distance suggest that these assemblages are compositionally similar to extant biomes despite the presence of taxa which are uncommon in this area today. In fact, these assemblages have striking affinities to the Somali-Masai phytogeographic region Acacia-Commiphora woodlands, an ecoregion common today in very arid parts in the Horn of Africa in Ethiopia and Kenya (White, 1983) . The presence of these assemblages outside of their modern range periodically in our record implies that they must have migrated into the region following forest collapse. This means that despite high turnover of vegetation during dry times, community composition remained similar to plant communities that exist today, and that semi-arid vegetation re-established in the region many times over the course of the record.
| Summary and implications
The pollen record from Lake Malawi drill core MAL05-1B/1C captures many landscape transitions over the last 600-20 ka. Vegetation turnover from wet to arid periods is nearly complete at a regional scale. On a first order, these phases track regional moisture balance. During wet phases, dense, species-rich forests were common throughout the watershed, while severe reductions in rainfall with respect to modern resulted in a dramatic reorganization of vegetation communities to semiarid assemblages composed of many taxa unknown in the basin today (DeBusk, 1997; White, 1983) .
Variability in lake level and vegetation structure appear to have responded nonlinearly to local summer insolation forcing when the amplitude of insolation was high enough to drive large enough moisture deficits to significantly lower lake level and subsequently decrease moisture recycling. This control appears much more complex than a simple relationship to temperature, moisture or CO 2 fluctuations associated with glacial-interglacial cycles. During periods of high precipitation, dense forests with large contributions of afromontane trees were prevalent in the watershed, even periodically reaching the lake shore. These forests had no modern analogue and were much more diverse than vegetation communities around Malawi today. Furthermore, the stable species composition of these forests, suggests that such communities of species may persist for long periods and be more resilient to change than would be expected.
As modern lowland vegetation is dominated by low diversity miombo woodlands, these periodic expansions of moist species-rich lowland and highland forest suggests very different ecological processes at work in these ancient forests than today. In particular, much denser heterogeneous tree cover with closed canopies indicates much higher biomass on the landscape and dramatic alterations to disturbance regimes, particularly fires. In addition, this study implies that the remarkable biogeographical similarity of modern afromontane populations may be explained by lowland expansion at various times prior to 80 ka. This allowed many of these taxa to form continuous populations which decreased barriers to dispersal observed today.
During arid periods, arboreal taxa decreased and forests collapsed.
Unlike the ancient forests, these ancient semiarid assemblages showed high species turnover from phase to phase. This high turnover suggests that semiarid taxa established in the watershed from outside of the region repeatedly and did not remain during wetter periods. Furthermore, although these taxa are not found in the region today, semiarid phase assemblages have modern analogues elsewhere in Africa, and represent a wide variety of dryland biomes from woodland to desert. For example many of the taxa found during these times have affinities with the Somali-Masai phytogeographic region found today in Ethiopia and Kenya (White, 1983) . In addition, these semiarid communities always include small percentages of tropical seasonal forests, which likely persisted along streams. This suggests that during these times that landscape was a complex mosaic of desert, steppe and savannah, interspersed with gallery forests that acted as refugia for moister taxa during times of nonoptimal climate.
We suggest that these large-scale alterations of vegetation from 600 to 80 ka as well as the change in structure, composition and functioning after 80 ka may have had important implications for the development and dispersal of early humans. We suggest the dense forest was regional in scale and may even have extended from the Atlantic to Indian Ocean coasts numerous times during the late Quaternary. As forest as well as extreme aridity may have acted as barriers to the dispersal, it is possible that hominin access to the region even as a corridor from southern to eastern Africa was punctuated and limited to transitional periods. Lastly, this study points to a fundamental difference between the ancient forests that dominated the region and modern arboreal assemblages. Ancient forests in the lowland around the lake included many species that were long thought to be cool-adapted; however, we suggest that instead that these species thrived in lowland areas until increases in wildfires following a large arid episode at 80 ka. This change to more modern vegetation resulted in an increase in disturbance tolerant trees, such as miombo woodland taxa, at~80 ka. Although the local archaeological record at Malawi itself is sparse, making it difficult to make a direct comparison to the timing of expansion at the regional scale, this timing is consistent with evidence of increases in modern human populations (Thompson, Mackay, De Moor, & Gomani-Chindebvu, 2014) .
It may be possible that fire use by early humans served as an important driver of landscape change after this time.
